Multireference configuration interaction with singles and doubles ͑MR-CISD͒ calculations have been performed for the optimization of conical intersections and stationary points on the ethylene excited-state energy surfaces using recently developed methods for the computation of analytic gradients and nonadiabatic coupling terms. Basis set dependence and the effect of various choices of reference spaces for the MR-CISD calculations have been investigated. The crossing seam between the S 0 and S 1 states has been explored in detail. This seam connects all conical intersections presently known for ethylene. Major emphasis has been laid on the hydrogen-migration path. Starting in the V state of twisted-orthogonal ethylene, a barrierless path to ethylidene was found. The feasibility of ethylidene formation will be important for the explanation of the relative yield of cis and trans H 2 elimination.
I. INTRODUCTION
The ethylene molecule plays a fundamental role for the understanding of photoisomerization processes and in particular the ultrafast energy conversion through nonadiabatic transitions. Quantum chemical calculations on excited-state energy surfaces of ethylene and on nonadiabatic couplings have a very long tradition. [1] [2] [3] One of the first theoretical attempts to perform a global exploration of the ethylene energy surfaces and to explain the fast conversion from the valence to the ground state observed in photoexcitation experiments is due to Ohmine. 4 In that work, an extended investigation on the excited-state potential energy surfaces of the first valence states was performed using multireference configuration interaction ͑MR-CI͒. Besides other features of the energy surfaces, the relevance of a hydrogen migration path under C s symmetry restriction, where one H atom migrates from one CH 2 group to the other one was proposed. Along this path a crossing between the S 0 and S 1 states was found. Later on, Freund and Klessinger pointed out 5 that a symmetry-unrestricted search revealed that the minimumenergy intersection ͓minimum on the crossing seam ͑MXS͔͒ between the two states had one of the CH 2 groups pyramidalized ͑twisted-pyramidalized structure͒. Since then, the H-migration process was put aside for some time and a pathway through a conical intersection at the twistedpyramidalized structure was regarded as the most probable process for the radiationless conversion of ethylene to the ground state. [6] [7] [8] Nowadays, the view of the ethylene photodynamics is based on the following features of the energy surfaces ͑Refs. 4, 9, and 10 and references therein͒. After a vertical * excitation to the first valence state, (V state in the MererMulliken notation 11 ͒, the potential energy of the system is decreased by a torsional motion around the C-C bond from the planar geometry to a twisted-orthogonal structure in which the two CH 2 groups are rotated by an angle of 90°to each other. From this twisted-orthogonal structure, the energy of the S 1 state is further reduced by pyramidalization of one of the CH 2 groups. During the pyramidalization process, ethylene reaches a conical intersection between the S 1 (V) and the S 0 (N) states, through which it can return rapidly to the ground state in a nonradiative way.
To complete this qualitative view of the ethylene photodynamics, we should note additionally that at a torsion angle of around 80°the V state crosses the Z state, and that these two states remain approximately degenerate up to 90°. Recently, in wave packet dynamics simulations, Viel et al. 12 have shown that due to this fact 100 fs after the initial photoexcitation to the V state, around 10% of population is in the Z state. Furthermore, Rydberg states, into which the vertically excited valence states are embedded, are destabilized by the torsion. 2, 13 Starting from a torsional angle of about 70°, the V and Z states are located below the Rydberg states. From there on one can expect that only these two states are of interest for the subsequent dynamics to the ground state.
This view of the photodynamics of ethylene has been supported by new experimental evidence indicating also that ͑i͒ the conversion from the V to the N state occurs in a very short time interval of around 10 to 45 fs ͓Refs. 14 and 15͔ and that ͑ii͒ the H 2 molecule formation in ethylene photofragmentation occurs to 58% by the 1-1 elimination where the H 2 formation proceeds from H atoms belonging to the same CH 2 group. 16 In ab initio multiple spawning ͑AIMS͒ studies [6] [7] [8] the twisted-pyramidalized conical intersection is regarded as the main effective funnel to the ground state, although other conical intersections had been theoretically characterized for the ethylidene and hydrogen migration structures. 4, 5, 9, 17 On the other hand, the results of the experiments of Ref. 16 also show that 42% of the H 2 formation occurs by cis and trans eliminations, which involve H atoms belonging to different CH 2 groups. This is an indication that the H-migration process still plays an important role in the photodynamics of ethylene.
In contrast to the AIMS and wave packet dynamics investigations mentioned above, molecular dynamics simulations performed with semiempirical methods 18 show at the time of the first surface hopping ͑around 50 fs͒ the presence of H-migration/ethylidene structures in addition to the twisted-pyramidalized one. In these simulations, the presence of H-migration/ethylidene structures is characterized by the large angular asymmetry of the two H atoms at one of the CH 2 groups, and, at the same time, by the large pyramidalization angle. This facts can be interpreted as evidence of ethylidene formation.
Recently, other authors have also pointed out the necessity to take into account the hydrogen migration in the interpretation of ethylene photochemistry. Lin and co-workers 16, 19 have shown that a RRKM kinetic model including the hydrogen migration and ethylidene structures predicts very well the product yields for the H 2 and H eliminations. Experimental results of O'Reilly et al. 20 suggest that for excitation energies between 11.7 and 21.4 eV the ethylidene isomer should be an important intermediate in the CH 3 ϩCH and CHϩCHϩH 2 dissociation processes. Mestagh et al. 14 claim the necessity of a more complete discussion of the nonadiabatic processes involved in the ethylene photodynamics, including the hydrogen-migration path.
A comprehensive study of the photoreactions of ethylene requires first of all a reliable and balanced description of several energy surfaces. Even though substantial progress has been achieved since the early investigations of Petrolongo et al. 2 and Ohmine, 4 especially by the surveys of Ben-Nun et al. 6 and Krawczyk et al., 10 many questions have still to be solved, e.g., geometry optimizations and conical intersections should be performed at a significantly higher computational level than limited single-point searches or the complete active space self-consistent field ͑CASSCF͒ or semiempirical optimizations. Furthermore, reaction paths and intersection seams need to be investigated in more detail than has been done before. It is the purpose of the present work to use in particular the recently developed methods for the computation of analytic gradients [21] [22] [23] [24] and nonadiabatic coupling terms 25, 26 at the MR-CI level for that purpose. The availability of these quantities at the MR-CI level represents a significant progress especially for optimizations of minima on the crossing seam in comparison to previous calculations based on CASSCF calculations only. The results and the experience obtained in this work will be used as basis for dynamics studies to be carried out as next step.
II. COMPUTATIONAL DETAILS
State-averaged multiconfiguration self-consistent field ͑SA-MCSCF͒ and multireference configuration interaction with singles and doubles ͑MR-CISD͒ calculations were carried out. In the SA-MCSCF calculations equal weights were used for all states. Several active spaces were chosen in the MCSCF calculations. For the description of valence states, the simplest wave function was a CAS͑2,2͒ in the and * orbitals. State averaging was performed over the three valence states N, V, and Z. The same CAS͑2,2͒ was used as reference space in the subsequent MR-CISD calculations. The final expansion space in terms of configuration state functions ͑CSFs͒ for the MR-CISD calculations consisted of the reference configurations and of all single and double excitations thereof into all internal and external orbitals. No individual selection scheme with respect to single CSFs was applied in contrast to the procedures used in the multireference double-excitation CI ͑MRD-CI͒ approach of Buenker and Peyerimhoff 28 ͑see also Ref. 27͒. The symmetry of the reference configurations was restricted to the state symmetry and the interacting space restriction 29 was applied. The two core orbitals were always kept frozen in the post-MCSCF calculations. Analogous principles for the construction of the CI wave function were applied for the larger reference spaces described below. The CAS͑2,2͒-ref calculations were used for the determination of the MXS, for the calculation of stationary points and for the cuts of the potential energy surface in the pyramidalization and hydrogen migration studies. The aug-cc-pVDZ basis 30, 31 was selected in these calculations. Size-extensivity corrections were taken into account by means of the extended Davidson correction 32, 33 and will be denoted by ϩQ.
Larger reference spaces and basis sets were chosen in order to verify the CAS͑2,2͒-ref results. A restricted direct product ͑RDP͒ space 34 constructed for all orbitals was added to the original CAS͑2,2͒. The RDP space is composed of ten orbitals grouped in five subspaces, one for each bond, i.e., four ͓(*) CH ͔ pairs and one ͓(*) CC ͔ pair. Each * subspace is restricted to singlet pairing. The MC-SCF calculation based on the RDP wave function resulted in localized orbitals very similar to those obtained in generalized valence bond ͑GVB͒ calculations. 35 The same RDP wave function was used as reference in the subsequent MR-CI calculations. Two basis sets were used in this case. The aug-cc-pVDZ basis and an aug'-cc-pVTZ basis. The latter one was derived from the original aug-cc-pVTZ set by omitting the augmented f functions on the carbon atoms and the augmented d functions on the hydrogen atoms. The RDP reference space contains 96 CSFs, which results in a CI expansion space of about 14 million CSFs for the aug-ccpVDZ basis set and 38 million CSFs for the aug'-cc-pVTZ basis.
For the joint calculation of valence and Rydberg states, the ͑*͒-CAS͑2,2͒ was augmented by four auxiliary ͑AUX͒ orbitals representing the 3s and 3p Rydberg orbitals. Only single excitations were allowed from the CAS to the AUX space. In addition to the three valence states N, V, and Z, four Rydberg states (-3s, -3p x , -3p y , and -3p z ) were considered leading to a state-averaging over seven states at the MCSCF level. The same configuration space was used as reference space in the MR-CISD calculations and is denominated as MR-CISD/SA-7-CAS͑2,2͒ϩaux. A d-aug-cc-pVDZ basis 30, 31, 36, 37 was chosen in order to take into account the diffuseness of the Rydberg orbitals.
Analytic MR-CISD gradients were computed using the procedures described in Refs. [21] [22] [23] [24] . Determination of the MXS were performed using the analytic MR-CI nonadiabatic coupling vectors 25 and the direct inversion in the interactive subspace ͑GDIIS͒ procedure developed in Ref. 26 . Standard GDIIS optimization 38 was used for the determination of stationary points. Natural internal coordinates were constructed according to the prescriptions given in Ref. 39 .
All calculations were performed using the COLUMBUS program system. [40] [41] [42] [43] Figure 1 shows selected geometric parameters describing the main structures that will be discussed in the present work. Table I presents the respective energetic results. The main coordinates studied are defined in Fig. 2 . Cartesian coordinates of all structures investigated are given in the supplementary material stored electronically. 44 The planar structure was optimized on the ground state surface and corresponds to the ground state energy minimum. The staggered and eclipsed ethylidene structures were optimized for the ground state as well. The twistedorthogonal ethylene and the C 3v ethylidene structures were optimized on the V state surface. The other three structures, which correspond to conical intersections between the S 0 and S 1 states, were optimized as MXS.
III. RESULTS AND DISCUSSION

A. Effect of computational level on geometries and energies
As we can see in Fig. 1 , the increase of the reference space from CAS͑2,2͒ to RDP and using the aug-cc-pVDZ basis leads to a small increase of the C-H and C-C distances. On the other hand, increase of the basis set at the RDP level from aug-ccVDZ to aug'-cc-pVTZ has the opposite effect of decreasing the internuclear distances. Relatively small changes of 0.1-0.2 eV in energy differences are observed when comparing results obtained with the three computational levels used in Table I . Overall, these calculations show that the CAS͑2,2͒ reference space and the aug-ccpVDZ basis provide a good compromise for our survey of the energy surfaces for the valence states of ethylene.
B. Vertical excitations, twisting, and Valence-Rydberg splittings
Vertical excitations from the planar ground state N ( 2 ) to the two valence states, V (*) and Z (* 2 ) and to the 3s and 3p Rydberg states will be considered here. Rydberg states [45] [46] [47] [48] and the valence character of the V state [49] [50] [51] have been intensively investigated by other authors. In the present work we intend to summarize briefly the main results that will be relevant for our discussion.
At the ground-state-equilibrium geometry, the energy spectrum of ethylene shows an embedding of the valence V state into the Rydberg 3s and 3p states around 8 eV. The excitation energies for the Rydberg transitions calculated at the MR-CISDϩQ level ͑see Table II͒ are in very good agreement with experimental results. For the N-V transition, our best theoretical value is 0.14 eV higher than the experimental band maximum. Several authors have pointed out that the experimental value might not correspond to a purely vertical excitation. 2, 10, 52 The difficulties in the computation of the N-V excitation are well documented ͑see Refs. 49 and 50 and references therein͒. The largest computational level employed up to date predicts a value of 7.69 eV. 50 Our MR-CISDϩQ results agree well with those of the earlier MRD-CI calculations of Petrongolo et al. 2 The CASSCF re- sults for the Rydberg transitions are systematically too low by about 1.45 eV as compared to the MR-CISDϩQ results ͑see Table II͒ . On the other hand, the CASSCF value for the V state is too high by 0.74 eV. A similar relation is found in a comparison of CASSCF and MR-CISD results also. This situation has important consequences on the location of the intersection between the V state and the Rydberg states when calculated at these two computational levels ͑see also the discussions in the Conclusions͒. Additionally, we note that our best value of 5.46 eV for the transition to the twistedorthogonal structure ͑see the B 2 state of twisted-orthogonal geometry in Table I͒ is in excellent agreement with the experimental value of 5.5 eV. 53 The C-C distance in the planar ground-state structure of 1.337 Å ͑see Fig. 1͒ increases to 1.459 Å ͑MR-CISD/SA-7-CAS͑2,2͒ϩaux/d-aug-cc-pVDZ level͒ for the planar V state. However, for the twisted-orthogonal structure it is 1.369 Å ͑Fig. 1͒, close to the planar ground-state value. It is well known that after * excitation, ethylene undergoes C-C stretching and C-C torsion ͑angle in Fig. 2͒ . The effect of C-C stretching on the relative energies of the N, V, and Rydberg states is displayed in Fig. 3 . The barrier to the torsion in the ground state is 3.00 eV at our best computational level ͑see Fig. 4͒ . This value agrees well with the 3.06 eV obtained by Krawczyk et al. 10 at the MS-CASPT2 level. The energy gap between the N (S 0 ) and Z (S 1 ) states for the twisted orthogonal geometry is 2.55 eV at the MR-CISD/SA-3-RDP/aug'-cc-VTZ level. When Davidson correction is taken into account, this value is reduced to 2.35 eV. This latter value compares well with the 2.32 eV found by Krawczyk et al. 10 at the MS-CASPT2 level. During the C-C stretch, the V state is stabilized with respect to the Rydberg states ͑see Fig. 3͒ . However, the relative stabilization is not enough to achieve a sufficient separation of the V state from the Rydberg states at the C-C distances given in the figure. On the other hand, the torsion around the C-C bond has a strong effect, as we can see in Fig. 4 . The V and Z states, which are the S 4 and S 6 states, respectively, in the vertical excitation ͑see Table II͒ , are shifted to lower energies until they become the quasidegenerate S 2 and S 1 states at the orthogonal-twisted geometry. The stabilization of the Z state is particularly pronounced. Similar observations have been made previously in the investigations of Ref. 4 . During the twisting of the ethylene molecule a series of crossings between the V and Z states, respectively, and the Rydberg states occur. They are particularly important for the understanding of the experimental photoexcitation spectrum around 7.9 eV.
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C. Pyramidalization
Pyramidalization of the CH 2 groups at the twistedorthogonal structure has been studied in several investigations 54, 55 in order to characterize the ''sudden polarization'' effect and the nonadiabatic couplings between the V and the N states. 5, 6, 10 Figure 5 shows potential energy curves for the pyramidalization of one CH 2 group at two C-C distances. In these curves symmetry was restricted to the C s point group and all internal coordinates except the CH 2 wagging mode were kept frozen at the values of the twistedorthogonal structure.
The quasidegeneracy of the S 1 and S 2 states is broken by this mode. While the energy curve of the S 1 state shows an almost horizontal behavior, the S 0 state is strongly destabilized, which finally leads to an intersection of the two curves.
Release of the C s restriction shows that pyramidalization is highly asymmetrical and turns the molecule into the C 1 point group.
5 Figure 1 shows the fully optimized twistedpyramidalized conical intersection. At the twistedpyramidalized geometry, the C-C bond is located almost in the plane of the nonpyramidalized CH 2 group. For this CH 2 group, the C-H distances are around 1.09 Å, similar to those of the twisted-orthogonal structure. However, for the pyramidalized CH 2 group, one CH bond is strongly stretched with a bond distance of 1.16 Å. This group has a pyramidalization angle of ␤ϭ104.4°at the MR-CISD/SA-3-RDP/aug'-cc-pVTZ level. This large asymmetry in the C-H bonds of the twistedpyramidalized MXS indicates H-migration character of one of H atoms of the pyramidalized CH 2 group to the other group. The pseudomigrating atom is 1.73 Å apart from the other carbon atom, while the second hydrogen atom of the CH 2 group shows a distance of 2.15 Å to the other carbon atom. In Sec. III E, the connection between the twistedpyramidalized MXS and the H-migration intersection will be discussed in more detail.
The energy of the twisted-pyramidalized MXS is 4.83 eV above the planar ethylene ground-state structure at the MR-CISD/SA-3-RDP/aug'-cc-pVTZ level, or 4.50 eV if the Davidson correction is taken into account ͑see Table I͒ . This result agrees well with the SA-2-CASSCF͑4/7͒ results of Toniolo et al. 17 At the MS-CASPT2 level, Krawczyk et al. 10 found an energy of 6.53 eV for the twisted-pyramidalized MXS. This value is significantly too high due the restrictions imposed in their 6D model of nuclear degrees of freedom.
D. Hydrogen migration and ethylidene
From the twisted-orthogonal structure of ethylene a hydrogen-migration path to ethylidene (CH 3 CH) exists. 4, 56 The H-migration path ͑Fig. 6͒ was started at the twistedorthogonal structure ͑ϭ124°͒. At each point, the coordinate ͑see Fig. 2͒ was frozen, while all other coordinates were optimized. The symmetry was restricted to the C s point group. The H-migration path was calculated for the N (1 1 AЉ) and V (1 1 AЈ) states. Similar to the case of pyramidalization and antisymmetric scissoring, 54 the hydrogen migration breaks the quasidegeneracy of the V/Z states at the twisted-orthogonal structure. As a consequence, the phenomenon of sudden polarization occurs as in the other two, just-mentioned cases. The dipole moment along the C-C direction increases from zero at the twisted-orthogonal geometry to 1 Debye when is varied just by 10°.
In the ground state, the ethylene-ethylidene isomerization is blocked by a 3 eV barrier ͑see Fig. 6 , top͒. The situation is completely different in the first excited state, for which, as we can see in Fig. 6 ͑bottom͒, there is no barrier to H migration. In Fig. 7 the H migration is characterized by the evolution of the internal coordinates R CC , ␣, and and ␤ ͑see Fig.  2͒ with the H-migration angle . The angle , defined as 360°Ϫ͑␣ϩ͒, is the HCH angle. During the migration, the C-C distance decreases to a minimal value of about 1.35 Å at ϭ70°͑Fig. 7, top͒. As will be shown below, this is the angle at which the minimum of the conical intersection occurs. From this point on, the CC distance increases rapidly. At the beginning of the migration, ␣ increases almost linearly, while the angle is approximately constant around 115°͑Fig. 7, second and third graphs͒. This indicates that the CH 2 containing the migrating H atom shows a rocking mo- tion almost rigidly around the carbon atom. At approximately ϭ50°, the angle starts to increase quickly, while the angle ␣ stabilizes around 180°. An analogous situation can also be observed in the pyramidalization angle ␤ of the group that is accepting the migrating atom. These behaviors occur because the migrating hydrogen atom finally leaves its original group and binds to the other carbon atom forming a CH 3 group.
A characteristic of the hydrogen migration path is that starting from the twisted-orthogonal geometry ͑right-hand side of Fig. 6͒ , it is possible to reach two different isomers of ethylidene, the staggered ͑␣ϭ105.2°͒ and the eclipsed ͑␣ ϭ251.7°͒ conformations. The staggered structure is just 0.05 eV more stable than the eclipsed one.
At the top of Fig. 6 in which the geometry was optimized on the ground state surface, only the path finishing in the staggered isomer is displayed. The eclipsed case is quite similar. At the bottom of the same figure ͑optimization for the V state͒, the path shown does not finish in one of the two isomers, but in a point connecting them. This point corresponds to a highly symmetric C 3v structure, also identified by Toniolo et al. 17 When the molecule reaches the C 3v structure, the ground and the first valence states collapse into a degenerate E state. The degeneracy is split by bending of the angle ␣. The variation of the S 0 -S 2 energies with ␣ for fixed , but optimizing all other coordinates, is displayed in Fig. 8 . From this figure we can observe how in the course of the hydrogen migration path a double well is developed at the ethylidene structure. The cuts in terms of the coordinate ␣
give also information about the location of crossings and avoided crossings between the S 0 and S 1 states. In Fig. 8 we can see that there is a pattern of two crossings, one on the staggered side and the other on the eclipsed side, up to around 54°. After that, the 1 1 AЈ and the 1 1 AЉ states do not change order during the formation of the double well on the 1 1 AЉ surface, until collapsing into one single intersection, corresponding to the C 3v structure ͑ϭ28.7°͒. At the ethylidene ground state, the C 3v structure represents a barrier of 1.37 eV for the staggered/eclipsed isomerization through the rotation of ␣.
The effect of the rigid torsion on the hydrogen migration path is shown in Fig. 9 . For the S 1 state, the minimum energy path occurs at ϭ90. The S 1 and S 0 surfaces cross at ϭ90 and ϭ72, which allows a diabatic hydrogen migration on the 1 1 AЈ state from ϭ120 ͑ethylene͒ to ϭ30 ͑ethylidene͒ without barrier. The optimization of this crossing and its role in the crossing seam will be discussed in the following section.
E. The S 0 ÕS 1 crossing seam
On the H-migration path exist two known conical intersections between the S 0 and S 1 states, the H migration 4 and the ethylidene one. 9 Both structures have C s symmetry. They were fully optimized at the three computational levels used in this work. Geometrical parameters are shown at Fig. 1 and relative energies in Table I . As will be discussed below, these two intersections correspond to structures on the same seam along the hydrogen migration path.
In addition to the just-described reaction paths for the H migration in the S 0 and S 1 states, we investigated this path also within the S 0 /S 1 intersection seam by performing the MXS optimization procedure under C s symmetry restriction keeping the angle fixed and optimizing all other coordinates. An overview of the determined seam sections is given in Fig. 10 .
Starting from the twisted-orthogonal structure ͑ϭ124°͒ it was possible to locate a starting point on the crossing seam by fixing in 124°and increasing ␣ up to 187.6°. From this structure, which we have called ''scissored,'' the seam extends to smaller angles. The energy on the seam decreases up to a local minimum under C s symmetry restriction, which corresponds to the H-migration intersection ͑ϭ72°͒ ͑see Fig. 1 and Refs. 4, 17͒.
From the hydrogen migration structure on the energy of the seam increases up to a maximum at ϭ54°. From there, the seam splits; one part extends in the direction of increasing and small ␣ angles ͑50°Ͻ␣Ͻ120°͒ forming ''superstaggered'' structures. In the other part, the energy decreases until it reaches the C 3v structure. Near the C 3v intersection there is the ethylidene MXS. From this conical intersection, the energy increases to large and ␣ values. After around 60°and ␣ around 230°we could not localize any other point on the seam.
Recently, Laino and Passerone have shown 57 that the H-migration conical intersection is indeed not a minimum on the crossing seam, but a saddle point connecting two symmetrically equivalent twisted-pyramidalized MXSs. This path on the seam is also shown in Fig. 10 by varying the pyramidalization angle ␤.
Therefore, the three most pronounced S 0 /S 1 intersections for ethylene-twisted-pyramidalized, the H migration and ethylidene-are connected by just one complex seam, which involves structures from scissored up to ethylidene. With the exception of the superstaggered structures, all regions of this seam can be reached within the initial photoexcitation energy to the V state.
F. Ethylene dissociation
After having reached the S 0 /S 1 seam, ethylene can switch rapidly to the ground state. Due to its high internal energy, several dissociation channels (C 2 H 2 ϩH 2 , C 2 H 3 ϩH, and C 2 H 2 ϩ2H) are available. Experimental results show 16 that the dissociation products have large and broadly distributed amounts of translational energy, and, in particular, 42% of the eliminated H 2 are formed by cis/trans isomerization, which necessarily involves H-migration processes.
Two other results from this experiment also deserve attention: ͑i͒ cis and trans eliminations have the same probability and ͑ii͒ the translational energy distributions of the H 2 fragments are approximately the same. These results indicate that the underlying H-migration process should start in a situation in which cis and trans eliminations are equivalent. This would be the case if the H migration started near the twisted-orthogonal structure, i.e., before the pyramidalization ͑which leads also to strongly nonequivalent H atoms͒ takes place. Consequently, the conversion to the ground state is expected to occur in regions of the seam near the H migration or ethylidene conical intersections.
An overview of possible H and H 2 dissociation paths has been given by Evleth and Sevin 56 based on calculations using relatively small basis sets and restricted CI expansions. In the present work we want to discuss possible reaction paths for H 2 dissociation only starting on certain strategic locations on the seam. Figure 11 shows the potential energy paths for H 2 elimination starting at three important points of the seam, the twisted-pyramidalized MXS, the ethylidene MXS, and the H-migration conical intersection. These curves were obtained by simultaneous extension of the C-H distances for two neighboring H atoms. Optimization of the remaining coordinates were performed for S 0 in two steps. For each set of new C-H distances of the hydrogen pair, the distance between the two hydrogen atoms was optimized first keeping all other coordinates frozen at the original values of the MXS structure. Next, the C-H and H-H distances for the hydrogen pair were fixed and all other coordinates were optimized. For the twisted-pyramidalized MXS ͑Fig. 11, top͒, the two H atoms of the pyramidalized CH 2 group were used for H 2 dissociation. In case of the H-migration MXS ͑Fig. 11, middle͒, the migrating H atom and its neighbor in the original CH 2 group were chosen for H 2 formation. For the ethylidene MXS ͑Fig. 11, bottom͒, the pair of hydrogen atoms consisted of two hydrogen atoms of the CH 3 group. In the twisted-pyramidalized and H-migration cases, the dissociation products are CCH 2 ϩH 2 . In the ethylidene case, the dissociation leads to the products HCCHϩH 2 . The asymptotical limits are 4.10 eV for the H 2 ϩCCH 2 products and 2.4 eV for the H 2 ϩHCCH products, computed at the MR-CISD/SA-3-CAS͑2,2͒/aug-cc-pVDZ level using a supermolecule approach. These values are reduced to 4.02 and 2.31, respectively, if the Davidson correction is taken into account. The energetic barrier for conversion from CCH 2 to HCCH is 0.12 eV only. 58 In all three cases, the potential curves in Fig. 11 show that after return to the ground state the system has enough energy to dissociate into the H 2 ϩC 2 H 2 products. For the dissociation from the twisted-pyramidalized MXS, a small barrier of 0.37 eV is present. In the case of ethylidene the barrier is 0.79 eV. For the dissociation from the H-migration structure, the barrier is 2.11 eV, which should be large enough to diminish the probability of the H-migration conical intersection to be an effective exit to a fast dissociation process.
Under the naive hypothesis that the nonadiabatic transition occurs with the same frequency in the twistedpyramidalized region as in the ethylidene region of the seam, and that after this transition a fast H 2 elimination takes place, we may expect that ͑i͒ half of the H 2 elimination is formed by 1-1 elimination in the twisted-pyramidalized case and ͑ii͒ the other half is divided between cis and trans eliminations ͑ethylidene case͒. As the twisted-pyramidalized region should be more directly accessible than the ethylidene region, one will also expect a shift of this 50%:50% proportion in the direction of an increasing of 1-1 H 2 elimination. In addition, due to the symmetry of the ethylidene structure, cis and trans eliminations should occur with the same probability and with the release of similar amounts of translational energy. Although we have to emphasize the simplicity of this model, it is remarkable that all these conclusions are in qualitative agreement with the experimental results cited at the beginning of this section.
G. Dynamics of the photoexcited ethylene
As we have seen in Sec. III E, the crossing seam between the S 0 and S 1 states extends over a wide variety of structures. Therefore, we should expect that not only the twistedpyramidalized MXS but also other regions of this seam will contribute to the internal conversion. The importance and the efficiency of each one of these regions for the radiationless decay of ethylene cannot be inferred adequately by static PES studies. Nevertheless, a qualitative overview of the most relevant processes can be obtained. After a vertical excitation to the first valence state, the gradient points mainly along the C-C stretch and torsion coordinates. During the torsion, energetically favorable paths toward the seam, especially in direction to the pyramidalization, 6 but also to H migration and ethylidene regions ͑Fig. 9͒ become available.
Recently, three dynamics investigations have been performed on the time evolution of photoexcited ethylene. Viel et al. 12 have studied the wave packet evolution within the first 100 fs. Their work clarifies very nicely the interplay of the C-C stretch and torsional modes and the role of the S 1 /S 2 couplings via antisymmetric CH 2 bending in the early stages of the dynamics. However, the geometrical limitations imposed by their six-dimensional model ͑equivalence of the four C-H bonds and the omission of the CH 2 rocking mode͒ does not allow an adequate exploration of the S 0 /S 1 seam. As a consequence, the S 0 /S 1 intersection at the twistedpyramidalized structure is too high in energy ͑see Sec. III C͒. Therefore, the slope from the twisted-orthogonal to the twisted-pyramidalized geometries is too small in the work by Viel et al., which will lead to a delay in reaching the twisted-pyramidalized MXS and in the internal conversion to the ground state.
By means of ab initio molecular dynamics, Martínez et al. have claimed [6] [7] [8] that the twisted-pyramidalized MXS should be the main channel for the radiationless transfer between the V and the ground state of ethylene. However, these authors do not give any quantitative evaluation of the efficiency of the hydrogen migration or ethylidene conical intersections. Finally, the results of the semiclassical surface hopping dynamics simulations based on the semiempirical AM1 method obtained by Granucci et al., 18 despite predicting a too short lifetime of the V state, show evidence for radiationless transfer occurring also near the ethylidene MXS. This finding connects to our discussion at the end of Sec. III F indicating that other regions of the seam beyond the twistedpyramidalized should also be considered as candidates to the nonadiabatic processes in ethylene.
IV. CONCLUSIONS
In the present work recently developed MR-CI methods for the computation of analytic gradients and nonadiabatic coupling terms have been employed for the full optimization of stationary points and conical intersections on the ethylene PES. For that purpose basis sets up to cc-pVTZ quality and flexible MR-CISD wave functions including all valence orbitals into the reference space have been used. In this way fully consistent results have been achieved at a post CASSCF level between the geometry optimization method and the final energy calculation in comparison to the usual procedure of CASSCF optimizations and subsequent singlepoint MR-CI/CASPT2 calculations. In summary, our calculations basically confirm the previously reported CASSCF MXS structures computed at the CASSCF level. 9 These structures are located in the valence region and the dynamical electron correlation for the intersecting states seems to be quite similar. However, in cases where the dynamical electron correlation differs significantly between the two intersecting states, the CASSCF results are likely to show artifacts. Actually, such an example can be found in the present work in the form of the crossing between Rydberg and valence states on torsion. The differences between Rydberg and valence excitations computed at the CASSCF and MR-CISD/MR-CISDϩQ levels have been described in Sec. III B. The crossings computed at the CASSCF level ͑not shown in this work͒ are shifted by about 40°to larger torsional angles as compared to the MR-CISD level ͑see Fig. 4͒ . In order to obtain better CASSCF results, much larger active spaces would be necessary. Even though such an increase in the active space is certainly possible for ethylene, the extension to larger systems will encounter limits soon and introduce ambiguities due to the specific choice of the active space. Even though the MR-CISD approach has its natural limits as well, the dynamic electron correlation is certainly described more reliably in this way. The availability of analytic MR-CISD gradients and nonadiabatic couplings is certainly another asset.
Beyond the determination of selected structures on the ethylene energy hypersurface, the S 0 /S 1 seam has been investigated in more detail. It has a very complex structure connecting all conical intersections presently known for ethylene. We have also demonstrated that by starting from three characteristic points of the seam there are paths to H 2 elimination accessible at the energy of the initial * excitation. Starting from the twisted-orthogonal geometry, one H atom can migrate from one CH 2 group to the other without barrier. Thus, ethylidene should be easily accessible during the photodynamical process. This fact is also important for the explanation of the relative yield of cis and trans H 2 elimination.
